A room-temperature Coulomb blockade effect was observed in silicon quantum dots ͑Si QDs͒ spontaneously grown in a silicon nitride film. The metal-insulator-metal device containing the Si QDs showed a clear Coulomb staircase and differential conductance peaks at room temperature. The size distribution of the Si QDs determined by high-resolution transmission electron microscopy suggests that the measured single electron addition energy of 67 meV can be attributed to the charging energy of 63 meV of the Si QDs with the largest diameter of 4.7 nm among the various-sized Si QDs. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2219722͔ Nanostructured electronic devices are expected to provide a breakthrough in the electronics industry, which is focused on continuing miniaturization and ultralow power operation. In particular, single electron transistors ͑SETs͒ could lead to devices such as a single electron logic, single electron memory, and high precision electrometry, by taking advantage of the quantum phenomenon known as the Coulomb blockade effect in controlling the transfer of individual electrons in the SETs.
Nanostructured electronic devices are expected to provide a breakthrough in the electronics industry, which is focused on continuing miniaturization and ultralow power operation. In particular, single electron transistors ͑SETs͒ could lead to devices such as a single electron logic, single electron memory, and high precision electrometry, by taking advantage of the quantum phenomenon known as the Coulomb blockade effect in controlling the transfer of individual electrons in the SETs.
1-3 Although various material systems have been examined in attempts to realize the performance of SETs, single electron effects such as the Coulomb blockade and negative differential conductance are typically observed only at extremely low temperatures. [4] [5] [6] [7] In order to operate a SET at room temperature, the Coulomb charging energy of an island or a quantum dot must exceed the thermal energy, that is, the capacitance and the size of the island need to be sufficiently small. Approaches employing silicon quantum dots ͑Si QDs͒ have recently demonstrated the feasibility of SET performance at room temperature. [8] [9] [10] The single electron effects in Si QDs, however, are not clearly understood in terms of the single electron charging energy, quantized energy, and energy level degeneracy of Si QDs. To date, most research has been conducted in examination of the electron transport through the Si QDs between highly doped silicon electrodes, [9] [10] [11] in which the electronic states in the silicon electrode are quantized due to an electron accumulation layer at the interface of the silicon electrode and the insulating barrier, leading to resonant tunneling between the coupled states in the silicon electrode and the Si QDs. 12 This resonant tunneling would make it difficult to understand the single electron effect in Si QDs. In contrast, a structure of a single layer Si QD array between two metal electrodes would permit the clear single electron effect in Si QDs to be examined in the absence of the resonant tunneling effect. However, an experimental study of transport through a Si QD array between two metal electrodes has not yet been reported.
It has been reported that the quantum confinement effect and the charging effect can be observed in self-organized Si QDs in silicon nitride grown by plasma-enhanced chemical vapor deposition ͑PECVD͒. [13] [14] [15] [16] The studies showed that the size of the Si QDs in the silicon nitride can be controlled within a range of a few nanometers, thus showing the sizedependent band-gap energy of the Si QDs. Nanometer-sized Si QDs in a silicon nitride matrix would also be expected to be a good building block for realizing of SETs that operate at room temperature. In addition, the compatibility of Si QDs with currently employed silicon technologies makes them good candidates for future applications in ultralarge-scale integrated circuits. In this letter, the Coulomb blockade effect at room temperature and the electrical transport properties of Si QDs embedded in a silicon nitride film between two metal electrodes are reported. Si QDs were grown in a silicon nitride film by PECVD on a silicon ͑100͒ substrate on which a 100 nm thick Al layer had been deposited as a bottom metal electrode by e-beam evaporation. During the growth of the silicon nitride film containing Si QDs, the flow rates of nitrogen-diluted 5% SiH 4 and NH 3 gases were 190 and 60 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, respectively. The total pressure, plasma power, and growth temperature were fixed at 1 torr, 10 W, and 300°C, respectively. The thickness of the silicon nitride film containing the Si QDs was about 10 nm. The structural analysis of the Si QDs was examined by transmission electron microscopy ͑TEM͒ at an accelerating voltage of 200 kV.
A TEM analysis was carried out to investigate the structural properties of Si QDs embedded in the silicon nitride film. Figure 1͑a͒ shows a plan-view TEM image of Si QDs in the silicon nitride matrix, in which the Si QDs appear as dark spots. The enlarged TEM view of the single Si QD in the inset of Fig. 1͑a͒ clearly shows that the Si QD is present in a crystalline phase in the amorphous silicon nitride film. The average size and density of the Si QDs were found to be 3.7 nm in diameter and 2.3ϫ 10 18 cm −3 , respectively. Figure  1͑b͒ shows the size distribution of the Si QDs, as determined by TEM analysis. Even though the average size of the Si QDs was 3.7 nm, the typical sizes of 2.9, 3.4, 3.7, 4.2, and 4.7 nm were observed, as shown in Fig. 1͑b͒ .
To measure the current-voltage ͑I-V͒ characteristics, metal-insulator-metal ͑MIM͒ structures were fabricated by depositing 100 nm Al contacts on the top side of the silicon nitride layer containing Si QDs. The size of the top Al contact was 10ϫ 10 m 2 . Figure 2͑a͒ shows the measured cur-rent as a function of the voltage applied to the electrodes at room temperature. A Coulomb staircase due to the incremental charging of Si QDs by electrons with increasing applied voltage is clearly observed in the I-V curve. The corresponding differential conductance ͑dI / dV͒ was plotted against the applied voltage, as shown in Fig. 2͑b͒ . The differential conductance peaks show that the average peak separation is 67 mV. The observed Coulomb oscillation peaks are a representative feature of single electron tunneling, indicating that the quantized charges tunnel through the Si QDs at room temperature.
To understand the Coulomb oscillation in the Si QDs in the silicon nitride and the average peak separation of 67 mV, we assumed that the MIM device consisted of many double barrier tunnel diodes connected in a parallel mode. Figure  3͑a͒ shows a schematic diagram of the MIM device, in which a 10 nm thick silicon nitride film containing Si QDs is located between the two metal electrodes, and ͑b͒ shows the corresponding energy band diagram under a bias condition. From the Si QD density of 2.3ϫ 10 18 cm −3 , the average distance between quantum dots would be expected to be 10 nm. The cross-sectional TEM analysis of a silicon nitride film revealed that Si QDs are distributed in a Gaussian shape with a peak number density of 37.5% at the middle of 10 nm thick silicon nitride film. Therefore, the structure of a MIM device with a 10 nm thick silicon nitride film containing Si QDs can be simplified to an assembly of about 10 6 conduction channels which are connected in the parallel mode under the top electrode with a size of 10ϫ 10 m 2 . The single conduction channel consists of one Si QD located at the middle of 10 nm thick silicon nitride film and the silicon nitride double barriers in the bias direction, as shown in Fig. 3͑b͒ . To observe a single electron effect, two basic conditions must be fulfilled. 17 The first is that the charging energy must be greater than the thermal energy to avoid thermal fluctuations. The second is that the tunnel resistance of the barriers should be much larger than the resistance quantum of 25.8 k⍀, meaning that the barriers are sufficiently opaque for electrons. In the case of the Si QDs used in this study, the average size was 3.7 nm, as shown in Fig. 1 
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where r, the radius of the Si QD, is 1.85 nm; l, the distance between the center of the dot and the substrate surface, is 5 nm; and SiN , the permittivity of silicon nitride, is 7.5 0 .
The corresponding Coulomb charging energy, e 2 / C, where C is the capacitance of the Si QD and e is the elementary charge, 17 is calculated to be 85 meV. This value is larger than the thermal energy of 25 meV at room temperature. The measured tunnel resistance of about 10 12 ⍀ of the silicon nitride barrier is also much larger than the resistance quan- 
013116-2
Cho, Kim, and Park Appl. Phys. Lett. 89, 013116 ͑2006͒ tum of 25.8 k⍀. Therefore, even though the observed value of 67 meV is not very close to the estimated value of 85 meV, it would be expected that the Coulomb blockade effect would be observed in the Si QDs in a silicon nitride matrix, even at room temperature. The peak separations in the dI / dV − V curve are determined by both the single electron charging energy and the discrete energy levels of the QD. 19 However, since each electronic energy level of the Si QD has 12-fold degenerate states due to spin and silicon six-valley degeneracies, 20 the first 12 electrons for each QD can occupy the lowest conduction level of the Si QD. This implies that only the single electron charging energy would contribute to the peak separation in the five differential conductance peaks in the dI / dV-V curve, as shown in Fig. 2͑b͒ , because the first five electrons corresponding to the five differential conductance peaks occupy the 12-fold degenerate ground states in the Si QD.
There is a certain degree of discrepancy between the measured single electron addition energy of 67 meV and the calculated value of 85 meV. Here, it should be noted that the average QD size of 3.7 nm was used in calculating the charging energy of the Si QDs. As shown in Fig. 1͑b͒ , however, the sizes of Si QDs are distributed over the values of 2.9, 3.4, 3.7, 4.2, and 4.7 nm, which correspond to the charging energies of 114, 94, 85, 73, and 63 meV, respectively. The tunneling current begins to flow when the bias is sufficiently large to overcome both the band-gap energy and the charging energy of the Si QD, 19 because the Fermi energy level of the Al electrode is located within the band-gap of the Si QDs at zero bias. Large size Si QDs have a smaller band-gap energy compared to smaller Si QDs since the band-gap energy of the crystalline Si QD increases with decreasing size, according to the relationship E͑eV͒ = 1.13+ 13.9/ d 2 , where 1.13 is the band-gap energy of bulk crystal silicon, 13.9 the quantum confinement parameter, and d the diameter of the Si QD. 14 Therefore, it can be concluded that the conduction would start to occur through the largest Si QDs of 4.7 nm, which have the smallest band-gap and charging energies among the various-sized Si QDs. The measured value of 67 meV for the single electron addition energy is very close to the expected value of 63 meV for large size Si QDs of 4.7 nm. Therefore, the separation in differential conductance peaks can be attributed to quantized electron tunneling through the large size Si QDs.
In conclusion, we observed a Coulomb blockade effect in Si QDs embedded in a silicon nitride film at room temperature. The MIM device, containing the Si QDs, showed a clear Coulomb blockade effect with a single electron addition energy of 67 meV at room temperature. From a comparison of the measured and the estimated single electron addition energies of 67 and 63 meV, respectively, it was found that the quantum tunneling starts to occur through the largest Si QDs with the size of 4.7 nm among the assembly of various-sized Si QDs. 
